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ARTICLE INFO ABSTRACT

Keywords: This study was undertaken to investigate the in vitro wound healing effects and the anti-inflammatory and
Inflammation antioxidant activities of terpinolene and a-phellandrene. The in vitro stimulatory effects on the proliferation and
Scratch assay migration of fibroblasts were assessed using the scratch assay. The anti-inflammatory activity was evaluated
?;f;]‘::’e: using cell-based assays by investigating their influence on nitric oxide (NO), superoxide anion (O5"), tumour

necrosis factor-alpha (TNF-a) and interleukin 6 (IL-6) production and using the TNF-a-induced nuclear factor
kappa (NF-xB) assay. Antioxidant activity was determined by the ABTS cation radical scavenging capacity, ferric
reducing/antioxidant potential (FRAP), and NO free radical scavenging assays. Terpinolene and a-phellandrene
significantly increased the migration and proliferation of fibroblasts and suppressed the pro-inflammatory cy-
tokines IL-6 and TNF-a in a dose-dependent manner. Terpinolene and a-phellandrene at a concentration of
100 uM significantly inhibited NO production (41.3 and 63.8%, respectively) in a macrophage cell-culture-based
assay, and resulted in reductions in Oy~ production of 82.1 * 3.5% and 70.6 * 4.3%, respectively. Moreover,
these monoterpenes were verified to suppress NF-kB activity. In summary, terpinolene and a-phellandrene may
contribute to broadening clinical options in the treatment of wounds by attenuating inflammation and oxidative

Wound healing

stress in vitro.

1. Introduction

As the first line of defence of the body, the human skin has im-
portant functions, acting as a physical barrier against trauma, micro-
organisms and parasites, among other vital functions [1]. Any injury
that leads to discontinuity of the skin can be called a wound, and
usually, it undergoes healing. The wound healing process aims to re-
strict the tissue damage and allow the restoration of the integrity and
functions of the affected tissues. It can be divided into three overlapping
phases, named the inflammatory, proliferative and maturation phases,
and involves components of the extracellular matrix, resident cells and
leukocytes, as well as lipid mediators and proteins [1-3].

Since ancient times, natural products have been used for the treat-
ment of numerous diseases and illnesses globally, attracting scientific
and commercial interests. Presently, they continue to play an important
role in the health systems in many developed and developing countries
and to represent an important pool for the identification of more

effective and lower cost therapeutic approaches or novel drug leads
[4-6]. Terpenoids represent the oldest and most diverse class of sec-
ondary metabolites formed from five-carbon isoprene units called iso-
prenoids. They represent a highly diversified group of naturally oc-
curring organic compounds, and more than 30,000 different natural
terpene metabolites were identified [7]. In plants, terpenoids have a
multitude of ecological and physiological functions. They chemically
defend against insects and environmental stress and are involved in the
repair mechanism of wounds and injuries [2,8].

Recently, continuing our investigations on natural compounds we
conducted a screening study focusing on 33 substances including
monoterpenes, sesquiterpenes and diterpenes in several actual biolo-
gical assays related to different stages of the wound healing processes.
Among the studied terpenes, our results suggest that the monoterpenes
may be considered promising agents for treatment of skin lesions (un-
published results). Monoterpenes are a class of terpenes with a core of
10 carbons cyclized and oxidized through various processes. They
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constitute 90% of essential oils and are known to exhibit several bio-
logical activities, such as anti-inflammatory, antioxidant, antibacterial,
wound healing and analgesic effects [8-10]. Although there is a
growing interest in understanding the mechanisms underlying the
pharmacological activity of monoterpenes, little is known regarding the
biological effects of terpinolene and a-phellandrene. Terpinolene has
demonstrated non-genotoxic and antioxidant activity [11,12], analgesic
and anti-inflammatory properties [13], and anticancer activity through
its antiproliferative effects on brain tumour cells [14]. a-Phellandrene
has been shown to attenuate the inflammatory response through neu-
trophil migration inhibition, mast cell degranulation [15] and inhibi-
tion of nitric oxide (NO) production in macrophages [16] and through
antinociceptive effects [17] and anticancer activity by inducing cell
cycle arrest and apoptosis in WEHI-3 cells in vitro [18].

The use of techniques and products in wound care associated with
substances with anti-inflammatory and antioxidant properties re-
presents a powerful strategy in the treatment of skin lesions. Although
there are several therapeutic options available for use that aid the
healing process in the treatment of wounds, the identification of more
effective and lower cost therapeutic approaches continues to be of in-
terest. Therefore, this study aimed to investigate the in vitro wound
healing effects of terpinolene and a-phellandrene using various che-
mical and cell-based assays.

2. Material and methods
2.1. Chemicals and biochemicals

Terpinolene, a-phellandrene, platelet derived growth factor-BB
(PDGF), ProlLong Gold antifade reagent with 4’,6-diamino-2-pheny-
lindole (DAPI), lipopolysaccharide (LPS), NG-methyl-i-arginine acetate
salt (L-NMMA) and nitroblue tetrazolium (NBT) were purchased from
Sigma Aldrich® Chemical Co., St. Louis, MO, USA. IL-6 and TNF-a en-
zyme-linked immunosorbent assay (ELISA) kits were obtained from
eBioscience, San Diego, CA, USA. The Dual-Luciferase” Reporter Assay
System 10-Pack was obtained from Promega Corporation, USA. All
other reagents and solvents used were of analytical grade and were
obtained from various commercial sources.

2.2. Antioxidant activity

2.2.1. Ferric reducing/antioxidant power (FRAP) assay

The total antioxidant capacity of terpinolene and a-phellandrene
was determined by the ferric reducing/antioxidant power assay as
previously described [19,20]. The experiments were carried out at least
in triplicate, and the results were expressed as ICsq values (ug mL™%).

2.2.2. Determination of the (NO)" scavenging activity

Nitric oxide (NO) was generated from the spontaneous decomposi-
tion of sodium nitroprusside (SNP) in phosphate-buffered saline (pH
7.3). Once generated, NO interacts with the oxygen to produce nitrite
ions, which were measured by the Griess reaction [20,21]. The optical
density was measured at 540 nm using a microplate reader (Multi-Mode
Microplate Reader, Filter Max F5, Molecular Devices Spectra, USA).
Gallic acid was used as the positive control. The quantification of nitrite
was performed by regression analysis from a standard curve of sodium
nitrite, and the results were expressed as ICso values (UM).

2.2.3. ABTS cation radical scavenging assay

The antioxidant activity was determined according to Re et al.
(1999) [22]. Gallic acid was used as the positive control. The results
were expressed as [Csq values (UM). The experiments were performed in
triplicate at the least.
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2.3. Cell lines

Fibroblasts (L929) (ATCC" CCL1TM), RAW 264.7 macrophages
(ATCC® TIB-71™) and human embryonic renal cells (HEK 293) trans-
fected with the luciferase-expressing gene (Panomic, Fremont, CA)
(retroviruses) were purchased were purchased from the Cell Bank of Rio
de Janeiro, Brazil. The cells were cultured in Dulbecco's modified Eagle
medium (Sigma Aldrich® Chemical Co., St. Louis, MO, USA) or high-
glucose modified culture medium (DMEM-Gibco-BRL Life
Biotechnologies, Grand Island, NY, USA) supplemented with 10% foetal
bovine serum (FBS-Sigma Aldrich” Chemical Co., St. Louis, MO, USA),
100 IU mL ™! penicillin and 100 pg mL ™~ streptomycin (Sigma Aldrich®
Chemical Co, St. Louis, MO, USA) at 37 °C in a humidified atmosphere
containing 5% CO,.

2.4. Assessment of in vitro cytotoxicity

The influence of terpinolene and a-phellandrene on cellular viabi-
lity was evaluated using the standard colorimetric MTT assay [23].
Briefly, fibroblasts (1929) and RAW 264.7 macrophages were seeded at
a density of 6 X 10° cells in 96-well plates and treated with terpinolene
and a-phellandrene (1.0-200uM) for 24 h. Next, the medium was
completely removed and100 pL of MTT (1 mgmL ™ 1y was added to each
well, and the plate was incubated for 2 h. The formazan crystals formed
were dissolved with dimethyl sulfoxide (DMSO), and the optical density
was measured at 595 nm using a microplate reader (Multi-Mode Mi-
croplate Reader, Filter Max F5, Molecular Devices Spectra, USA). The
experiments were performed at least in triplicate.

2.5. In vitro wound healing assay

The activity of terpinolene and a-phellandrene on proliferation and
migration of fibroblasts was assessed using the scratch assay [24,25].
Briefly, fibroblasts (1.5 x 10°cells mL™') were cultured up to con-
fluent cell monolayer. Then, an artificial linear wound was introduced
into the monolayers and individually inspected in order to standardize
the size of the gap using a microscope connected to a computer. Only
gap sizes between 90 and 100 mm wide were used in the experiments.
After, cells were exposed to 10, 100 and 200 uM of terpinolene and a-
phellandrene to a set of 6 coverslips per dose and incubated for 16 h.
PDGF (2ngmL"~ 1y was used as the positive control. After treatment, the
cells were fixed and stained with DAPI. Four representative images
from each coverslip of the scratched areas under each condition were
photographed at a magnification of 100 Xx. Pictures were captured
using a Samsung camera (SDC-415ND) coupled to a Leica microscope
(model DMLS) and connected to a computer where the images were
stored. Total number of cells into the wounded area were quantified
using CellC” software. The results were expressed as the percentage of
total cells by comparing the total cell number into the artificial wound
of treated group with the total cell number into the untreated control
group. Data are representative of three independent experiments.

2.6. Nitric oxide (NO) synthase assay

The nitrite concentration in the culture medium supernatant was
measured using the Griess reagent to assess the NO production in LPS-
activated RAW 264.7 macrophages [21,26]. Briefly, RAW 264.7 mac-
rophages (2 x 10° cells mL™!) were seeded in 96-well plates and cul-
tured in a humidified incubator with 5% CO, at 37 °C for 24 h. Then,
the cells were treated with terpinolene and a-phellandrene
(1.0-200.0 yM) in phenol-red-free DMEM for 30 min followed by
1ugmL~! of LPS treatment for 20 h. After the incubation, equal vo-
lumes of cell culture supernatant and Griess reagent were combined to
measure the NO production. The absorbance was measured in a mi-
croplate reader at 540 nm. Nitrite concentration was determined by
comparison with a sodium nitrite standard curve. The results were
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expressed as the ICsy value (uM). Under the same experimental con-
ditions, cellular viability was examined in parallel by the MTT assay.

2.7. Determination of intracellular superoxide anion

The intracellular production of superoxide anion (O,”) was de-
termined by the nitroblue tetrazolium (NBT) reduction assay as pre-
viously described in LPS-activated RAW 264.7 macrophages [27,28].
Briefly, the cells (2 x 10° cell mL™!) were treated with 1 ug mL~! LPS
in the presence or absence of terpinolene or a-phellandrene
(1.0-200.0 uM) for 24 h. NG-methyl-1-arginine acetate salt (L-NMMA)
(500 M) was used as a positive control. Next, the supernatant was
removed, and the cells incubated with 100 pL of NBT (1 mg mL™1) for
2 h. Then, the cells were washed with methanol and dried for 20 min at
37 °C. The formazan crystals formed were dissolved and the optical
density was measured at 620nm. The results are expressed as the
percentage of the control without LPS. The experiments were per-
formed at least in triplicate.

2.8. Measurement of cytokines

The culture medium supernatant of LPS-activated RAW 264.7
macrophages after exposure to terpinolene and o-phellandrene
(1.0-200.0 uM) for 24 h was used to quantify TNF-a and IL-6 by en-
zyme-linked immunosorbent assay (ELISA) techniques using specific
antibodies (purified and biotinylated) and cytokine standards according
to the manufacturer's instructions (eBioscience, San Diego, California,
USA). The cytokine levels were expressed in pg mL™!, and the sensi-
tivities were > 10 pgmL ™~ 1.

2.9. NF-kB assay

The NF-kB luciferase assay was performed as previously described
[26,29]. Human embryonic kidney (HEK) 293 cells (Panomic, Fremont,
CA) were seeded into a sterile 96-well plate at 2 x 10° cells per well
and grown to approximately 80% confluence by incubating for 48 h.
After incubation, the medium was replaced, and the cells were treated
with various concentrations (1-100 uM) of the test compounds and
incubated for an additional 6 h with or without TNF-a (2ng mL™Y).
Next, the cells were washed with PBS, and the luciferase assay was
performed using the Luc assay system from Promega (Madison, WI)
according to the manufacturer's instructions. The results are presented
as the percentage of NF-kB inhibitory activity.

2.10. Statistical analysis

Statistical analyses were performed using GraphPad software (San
Diego, CA, 176 USA). Data were expressed as the mean *+ standard
deviation (SD). Statistical variations were determined using one- or
two-way analysis of variance (ANOVA) when appropriate. Values of
p < 0.05 were considered significant.

3. Results

3.1. Evaluation of the antioxidant activity of terpinolene and a-
phellandrene

To assign the antioxidant capacity of terpinolene and a-phellan-
drene, three analytical methods were used: the ABTS cation radical
(ABTS ™), the ferric reducing/antioxidant power (FRAP), and the nitric
oxide scavenging activity (NO") assays. As presented in Table 1, the NO
scavenging activity and ABTS cation radical assays yielded the lowest
ICs values, and a-phellandrene showed a better antioxidant capacity
with ICso values of 216.9 + 5.7 and 367.7 = 1.6 uM, respectively,
than terpinolene, which afforded ICs, values of 409.4 + 1.6 and
497.4 + 14.5uM, respectively. Terpinolene and a-phellandrene
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Table 1
In vitro antioxidant activity of terpinolene and a-phellandrene determined by
ABTS, FRAP and NO scavenging assays.

Sample Antioxidant activity (ICso uM)

NO scavenging activity ABTS FRAP
Terpinolene 409.4 = 1.6* 497.4 * 14.5% 1325.7 + 18.4%
a-Phellandrene 216.9 * 5.7° 367.7 + 2.5" 1619.6 + 8.7°
Gallic acid 131.2 + 3.7¢ 12.8 = 2.1°¢ 1231 * 1.4°

Different letters in the same column correspond to significant differences
(p < 0.05). Tests (n = 3) were performed in triplicate and expressed as the
mean + standard error.

induced a negligible reduction in the complex ferric ion-TPTZ (2,4,6-tri
(2-pyridyD)- 1,3,5-triazine) (Table 1).

3.2. Effect of terpinolene and a-phellandrene on cellular viability

Figure S1 reveals that terpinolene and a-phellandrene did not ex-
hibit any cytotoxic effect against L929 fibroblasts and RAW 267.7
macrophages compared to the basal control (cell culture medium alone,
considered 100% viability) at up to 200 uM. In contrast, proliferative
effects were observed in 1L.929 cells, which exhibited 121.5 * 3.2% and
119.8 = 4.1% cellular viability after treatment with 200 uM terpino-
lene and a-phellandrene, respectively (Figure S1 A and S1B).

3.3. Effect of terpinolene and a-phellandrene on migration and proliferation
of L929 fibroblasts

Using the scratch assay, terpinolene and a-phellandrene sig-
nificantly enhanced the proliferation and migration of fibroblasts
compared to the control (untreated cells) in a dose-dependent manner.
Fig. 1 A displays representative images of an artificial wound generated
on L929 fibroblast cells at 0h and 16 h post-injury without treatment
(control 16h) and with treatment. Terpinolene and a-phellandrene
reached maximum stimulatory effects of 36.3 * 4.8% and
39.1 + 3.9%, respectively, at a concentration of 200 uM. PDGF was
used as a positive control and exhibited a stimulatory effect of
45.1 + 5.1% (2ngmL~') (Fig. 1B).

3.4. Inhibition of NO production in LPS-induced RAW 264.7 macrophages

Terpinolene and a-phellandrene did not induce changes in the basal
NO levels when incubated without LPS (data not shown). As presented
in Fig. 2, the nitrite levels in the RAW 264.7 cells exposed to 1 uygmL~*
LPS significantly increased by approximately six times compared to
those in the negative control cells (p < 0.05). However, terpinolene
and a-phellandrene significantly suppressed NO production by LPS-
stimulated RAW 264.7 cells in a dose-dependent manner. In particular,
NO reductions of 41.3 * 1.4% and 63.8 + 1.1% were achieved fol-
lowing treatment with 200 UM terpinolene and a-phellandrene, re-
spectively.

3.5. Inhibition of intracellular production of superoxide anion (O")

As presented in Fig. 3, pre-incubation of the RAW 264.7 macro-
phage cells with terpinolene and a-phellandrene demonstrated a con-
centration-dependent (1.0-200.0 uM) inhibition of superoxide anion
generation in the LPS-stimulated macrophages. Terpinolene and a-
phellandrene induced reductions in O,” production of 82.1 *+ 3.5%
and 70.6 = 4.3% (100uM) and 82.6 * 3.5% and 87.6 * 2.1%
(200 uM), respectively.
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Fig. 2. Inhibitory effects of terpinolene and a-phellandrene on the secretion of
nitric oxide by LPS-simulated RAW 264.7 cells. The concentration of nitrite B)
reflects the amount of nitric oxide generated by the RAW 264.7 cells. L-NMMA 150000+
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Fig. 3. Inhibitory effects of terpinolene and a-phellandrene on the intracellular
production of superoxide anion (O,") in LPS-simulated RAW 264.7 cells. The
superoxide anion concentration was determined by the nitroblue tetrazolium
(NBT) reduction assay. L-NMMA (500 uM) was used as a positive control. The
level of superoxide anion in the control cells was arbitrarily expressed as zero.
The results are expressed as the mean + SD of three independent experiments.
*(p < 0.05) indicates significant differences compared with the LPS-treated
cells.

3.6. Inhibition of pro-inflammatory cytokine production

Exposure of RAW 264.7 macrophages cells with 1 uygmL~! LPS in-
duced the secretion of IL-6 (Fig. 4A) and TNF-a (Fig. 4B). However,
treatment with terpinolene and a-phellandrene significantly reduced
the release of IL-6 and TNF-a in a dose-dependent manner (p < 0.05).

3.7. Inhibition of TNF-a-induced NF-kB activity

The suppression of NF-kB activation by terpinolene and a-phellan-
drene was 14.3 + 2.5% and 26.8 + 3.1%, respectively, at a con-
centration of 100 uM (Table S1).
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duction was measured using ELISA kits as described in the material and
methods section. The results were expressed as the mean = SD of two in-
dependent experiments. *(p < 0.05) indicates significant differences com-
pared with the LPS-treated cells; # (p < 0.05), compared with the control.

4. Discussion

Wound healing is a complex and well-coordinated process involving
different cell types and interactions with soluble mediators, growth
factors and cytokines for the repair of injured tissue. Poor wound
healing after trauma, surgery, or chronic disease conditions affects
millions of people each year and are considered a challenge to
healthcare systems globally [1,2,30]. Monoterpenes belong to a large
and diverse group of organic compounds with diverse biological ac-
tivities and therapeutic potential. Despite their importance and the
scarcity of studies in this context, terpinolene and a-phellandrene were
demonstrated to be promising compounds for the treatment of skin
wound conditions.

Dermal fibroblasts are the first line of defence and response to injury
and are essential for cutaneous wound repair. After injury, fibroblasts
appear in the wound site during the inflammatory phase, proliferate
and synthesize growth factors and the new extracellular matrix during
the granulation tissue formation, and subsequently generate mechan-
ical forces within the wound to initiate wound contraction [1]. The
traditional medicinal plant Calendula officinalis was recently approved
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for the treatment of minor inflammation of the skin and as an aid in the
healing of minor wounds. Among their other biological effects, Ca-
lendula extracts stimulated the proliferation and migration of fibro-
blasts in an in vitro wound healing assay, exhibiting similar results as
those obtained with terpinolene and a-phellandrene [25,31]. Key to
wound healing processes are the proliferation and migration of epi-
thelial cells including fibroblasts, thus they are the basis of in vitro
studies. The cell culture wound-closure, also known as scratch assay,
are widely used in the scientific community [24,25,31]. This experi-
mental model examines the ability of a particular cell line to migrate
and subsequently close a wound made in a confluent plate of cells. This
test can provide the necessary data that may allow for an understanding
of how a particular cell type can spontaneously migrate or respond to a
chemo-attractant and directionally migrate toward it. Although the in
vitro assays are incapable of replicating all the factors involved in
complex processes of wound healing, they are considered a valuable in
vitro tool to gain initial insights into the wound healing potential by
providing information on fibroblast proliferation and migration in an
artificial wounded area [24,25,31]. Using this valuable in vitro tool,
terpinolene and a-phellandrene exhibited a significant stimulatory ef-
fect on fibroblast proliferation and migration, positively contributing to
the cutaneous wound healing process.

Cutaneous injury is known to produce a depression in antioxidant
status, as reactive oxygen species (ROS) are produced in response to
injury. Although ROS are known to play a positive role in the wound
repair process [32], excessive amounts of ROS are deleterious due to
their high reactivity [33]. Free radicals including the oxygen atom, as
well as reactive molecules such as superoxides and peroxides, are
highly unstable molecules and may cause cellular damage via perox-
idation of membrane lipids, cross-linking of proteins and breakdown of
DNA. Many low-molecular-weight antioxidants, such as vitamins E,
terpenes, and phenolic compounds, have been suggested to regulate the
redox environment, thereby contributing to healing of skin wounds
[33-36]. In this study, we determined that terpinolene and a-phellan-
drene possess the ability to scavenge reactive species, as evaluated by
three different in vitro assays. Interestingly, both terpinolene and o-
phellandrene markedly decreased the intracellular levels of NO and
superoxide anion, as evaluated by cell-based assays, indicating that
these compounds may reduce the intracellular oxidative stress en-
vironment, contributing to cutaneous wound healing.

The early stage of inflammation is regarded as a critical period in
the wound healing process, and pro-inflammatory cytokines have been
widely studied because they can regulate the activity of several cells
that produce a healing response to tissue injury [37,38]. In this study, it
was demonstrated that the production of IL-6 and TNF-a by LPS-si-
mulated macrophages was significantly suppressed by terpinolene and
a-phellandrene. Therefore, suppressing the overproduction and activity
of these pro-inflammatory cytokines may be successful for the man-
agement of skin diseases. Consistent with our findings, a-phellandrene
has been recently demonstrated to attenuate the in vivo inflammatory
response through neutrophil migration inhibition and mast cell de-
granulation [15].

Although acute inflammation is usually beneficial in the early stage
of wound healing, a prolonged acute inflammation phase leads to
chronic wounds [1]. The transcription factor NF-kB is considered a
pivotal mediator in the human immune system: it regulates the tran-
scription of various inflammatory mediators, e.g., cytokines, chemo-
kines and growth factors [39], which are involved in the inflammatory
phase. Thus, inhibiting the NF-xB signalling pathway appears to be an
effective therapeutic strategy for the treatment of various inflammatory
malignant disorders, including rheumatoid arthritis, atherosclerosis,
inflammatory bowel diseases, and wound healing [39]. For monitoring
and analyse any cellular response that results in modulation of NF-kB
activities, the HEK 293 cell transfected with the luciferase-expressing
gene are consider an ideal cellular model [26,29]. Using this cellular
model, the NF-xB signalling pathway appeared to be only partially
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involved in the possible molecular mechanism by which the mono-
terpenes terpinolene and a-phellandrene inhibit the expression of the
pro-inflammatory mediators IL-6, TNF-a, and NO.

5. Conclusion

In summary, the results of the present study showed that terpino-
lene and a-phellandrene, which share similar chemical characteristics,
exhibited similar wound healing properties. Using cell-based assays,
both compounds effectively stimulated proliferation and migration of
fibroblasts, protected macrophages against cellular oxidative damage,
and suppressed the production of pro-inflammatory cytokines (IL-6 and
TNF-a) and NF-kB activity. These results provide strong support for the
promising candidacy of terpinolene and a-phellandrene for future ap-
plication in cutaneous wound healing products and formulations.
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